Mitochondria in mammalian cells were well-known to play an important role in the intrinsic pathway of genotoxic-agent-induced apoptosis by releasing cytochrome c into cytosol and to be a major source of reactive oxygen species (ROS). The aim of this study is to examine whether mitochondrial ROS involved in radiation-induced apoptotic production from mitochondria to trigger cytochrome c release in A549 cells.
Introduction
Mitochondria in mammalian cells are well-known to play an important role in the intrinsic pathway of genotoxic-agent-induced apoptosis by releasing proapoptotic proteins (i.e., cytochrome c [1] and Smac/DIABLO [2] ) into cytosol. In hematopoietic cells, ionizing radiation easily leads to the cytochrome c release from mitochondria and cytosolic cytochrome c initiates the activation of downstream caspases and leads to apoptosis [3, 4] . In our previous study in mouse fibroblast NIH3T3, human lung carcinoma A549 and human cervical carcinoma HeLa cells [5] , the downstream signaling from this cytochrome c release was strongly inhibited by constitutive Survivin, a member of the inhibitor of apoptosis protein (IAP) family. However, transduction of adenoviral vectors for dominant negative mutants (pAd-T34A and pAd-D53A) was found to abrogate the function of constitutive Survivin and facilitate radiation-induced apoptotic cell death in tumor cells, indicating that Survivin is an ideal target for radiosensitization in solid tumor cells. Thus, the cytochrome c release from mitochondria is an essential event in radiation-induced apoptosis even in solid tumor cells, although this mechanism is still unclear.
Ionizing radiation is known to generate reactive oxygen species (ROS), i.e., OH radicals, H atoms and H 2 O 2 , through radiolysis of water [6, 7] . In irradiated tissues and cells, the primary biological damage caused by the reaction of ROS with biomacromolecules (DNA, proteins, lipids, etc.) is believed to be produced within ~10 -9 seconds and leads to serious biological consequences, i.e., cell death, cell cycle arrest, mutation and carcinogenesis [6] [7] [8] [9] . Recently, we have demonstrated that radiation-induced apoptosis in human leukemia Molt-4 cells is remarkably inhibited if antioxidants such as N-acetyl-L-cystein (NAC) [10, 11] and Trolox [12] are added to the 4 medium within several minutes after X irradiation. This suggests that the secondary production of ROS occurs as a late event after irradiation and that these secondary ROS play an important role in radiation-induced apoptotic signaling. In fact, Chen et al. report that intracellular ROS, detected by 2',7'-dichlorofluorescin diacetate (DCFDA) and dihydroethidium (DHE), gradually increased in multiple myeloma IM-7 and RPMI8226 cells after γ irradiation [13] . As a source of late intracellular ROS, the respiratory chain in mitochondria has been proposed in tumor cells exposed to genotoxic stimuli [14, 15] . However, there is no direct evidence for a radiation-induced late increase of intracellular ROS derived from mitochondria because the sensitivity and specificity of fluorescence probes and spin-trapping reagents to detect ROS are insufficient.
In the present study, we investigated whether mitochondrial ROS were increased by X irradiation in solid tumor cells and involved in radiation-induced apoptotic signaling, especially cytochrome c release. To detect mitochondrial ROS, we used MitoAR, a novel mitochondria-derived ROS indicator [16] . Furthermore, the NADH/succinate-dependent O 2 -. production ability of mitochondria isolated from A549 cells was also elucidated by electron spin resonance (ESR) spectroscopy with the spin-trapping technique. In this experiment, we employed 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline N-oxide (CYPMPO), which was recently synthesized for the detection of O 2 -. and OH radicals as the spin-trapping reagent [17] . N-tert-butyl-α-(2-sulfophenyl)-nitrone (S-PBN) was purchased from Aldrich Chemical
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Co. (Milwaukee, WI). The following antibodies were used for western blotting:
anti-actin and anti-Bax (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Bcl-2 and
anti-Bcl-X L (Wako, Osaka, Japan) and anti-cytochrome c (BD PharMingen, Erebodegem, Belgium). N-acetyl-L-cystein (NAC) and other reagents were obtained from Wako Pure Chemical Co. (Tokyo, Japan).
Cell culture, X irradiation and drug treatment
Human lung carcinoma A549 cells were maintained in RPMI 1640 medium containing 10% fetal calf serum at 37°C in 5% CO 2 . X irradiation was performed with an X ray generator (1.0-mm aluminum filter, 200 kVp, 20 mA, Shimazu HF-350, Kyoto). The dose rate was 3.9 Gy/min, which was determined using Fricke's chemical dosimeter. NAC, Trolox, S-PBN and DPI were added to the growth medium immediately after X irradiation and cells were incubated for 24 h at 37°C.
Adenoviral transduction and apoptosis assay
Replicant-defective adenoviral vectors pAd-LacZ, pAd-T34A and pAd-D53A
were generated as described previously [5] . Subconfluent cultures of A549 cells were incubated with pAd vectors at MOI 50 and the virus was allowed to adhere for 1 h at 
SDS-PAGE and Western blotting
The 
Assays of the release of cytochrome c from mitochondria
The cytosol of cells was prepared by a modification of the method of Bossy-Wetzel et al. (1997) [18] . Briefly, the cell pellet was resuspended in 300 μl of extraction buffer, containing 250 mM sucrose, 20 mM HEPES-KOH (pH 7.4), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol (DTT) and 1 mM PMSF. After 1 h incubation on ice, cells were disrupted with a homogenizer and centrifuged at 1,000 g for 10 min at 4°C to remove nuclei and unbroken cells. The supernatant was further centrifuged at 26,000 g for 30 min at 4°C to separate mitochondria. The cytochrome c in the cytosol was detected using SDS-PAGE and western blotting as described above.
Electron microscopic analysis
Cells were fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) at 
Flow-cytometric measurement of mitochondrial membrane potential (∆ψm) by DiOC 6 (3)
To measure the mitochondrial membrane potential (∆ψm), cells were resuspended in PBS(-) containing 10 nM 3,3'-dihexyloxyacarbocyanine iodide, 
Measurement of ROS production
The fluorescent probe, 2',7'-dichlorofluorescein diacetate (DCFDA), was used for the assessment of intracellular ROS. Cells were loaded for 30 min at 37°C with 10 mM DCFDA in PBS(-). Unincorporated DCFDA was removed by two washes with PBS(-). Each sample was resuspended in PBS(-) and analyzed by flow cytometry as described above. For the detection of mitochondrial ROS, we used MitoAR, a novel fluorescent probe for selective detection of ROS in mitochondria. The MitoAR was kindly provided by Prof. T. Nagano (Graduate School of Pharmaceutical Sciences, Tokyo University) [16] . After the cells were irradiated and incubated for 6 h, they were loaded with 1 μM MitoAR and incubated for 30 min at 37°C. Then they were observed using an Olympus IX71 microscope with reflected-light fluorescence. The fluorescence images were captured by means of a SenSys KAF1400 CCD camera (Photometrics Inc., Tucson, AZ) controlled by IPLab imaging software (Scanalytics Inc., Fiarfax, VA). The photographs shown are representative of at least three times.
ESR spectroscopy
Mitochondria of the cells with or without irradiation were isolated using a Mitochondria Isolation Kit (Pierce Biotechnology, Inc., Rockford, IL) and mixed with 5 mM respiratory substrates (succinate, glutamate and malate), 0.5 mM NADH, 0.2% digitonin and 10 mM CYPMPO. Then 0.2% digitonin was added to the reaction mixture 9 for permeation of NADH into the mitochondrial membrane [19] . Analysis of the hyperfine splitting constants (Hfsc) and spectral computer simulation were performed using a Win-Rad Radical Analyzer System (Radical Research). All ESR spectra shown are representative of at least three independent experiments.
Results
Radiation-induced cytochrome c release and caspase activation are inhibited by N-acetyl-L-cystein (NAC)
In our previous study, it was demonstrated that apoptosis was enhanced by adenovirus-mediated overexpression of Survivin mutants when NIH3T3, HeLa and A549 cells were irradiated with X rays and incubated for 48 h [5] . (Fig 1d) . As shown in Fig. 1e , the cleaved fragments of caspase-3 (p19 and p17; active form of caspase-3) were induced in irradiated cells overexpressing Survivin mutants. However, these inductions of cleaved caspase-3 were inhibited by post-irradiation-treatment with NAC.
Expression of Bcl-2 family is not influenced by NAC.
Since cytochrome c release from mitochondria is generally believed to be regulated by the balance between the proapoptotic Bcl-2 family and antiapoptotic Bcl-2
family [21] . The expression of Bcl-2, Bcl-X L and Bax was evaluated by western blotting.
As shown in Fig. 2a , the expression of the antiapoptotic Bcl-2 family members Bcl-2 and Bcl-X L was slightly increased at 12, 24 and 36 h after irradiation. In contrast, that of the proapoptotic Bcl-2 family member Bax was remarkably increased at 6 and 12 h after irradiation. Since the cytochrome c release occurred at 24 h after irradiation and the ratios of Bax to Bcl-2 (Bax/Bcl-2) at 6 and 12 h after irradiation were high, the effect of the post-irradiation treatment with NAC on the expression of the Bcl-2 family was examined to clarify the relationship between Bax expression and redox regulation. As shown in Fig. 2b , treatment with NAC did not affect either radiation-induced expression of Bax or Bcl-2 and Bcl-X L .
X irradiation enhances late intracellular ROS from mitochondria with increased mitochondrial membrane potential (∆ψm)
To analyze the effect of irradiation on mitochondria, morphological analysis and measurement of mitochondrial membrane potential (∆ψm) were performed. As shown in Fig. 3 , the mitochondrial shape and structure were not changed at 12 and 24 h after irradiation, although cytochrome c release from mitochondria had already occurred 24 h after irradiation. The uptake of the ∆ψm-sensitive reagent DiOC 6 (3) into mitochondria is dependent on the ∆ψm. As shown in Fig. 4a , the cell population having stronger fluorescence increased from 4.8% to 28.6% and 35.0% when cells were incubated for 12 h and 24 h after irradiation with 10 Gy X rays, respectively, suggesting that the ∆ψm was time-dependently elevated by X irradiation (Fig. 4a ).
This increase of the ∆ψm was sustained until 48 h. Since radiation-induced cytochrome c release was suggested to be regulated by ROS (Fig. 2a) , we next tried to measure the late production of intracellular ROS in irradiated A549 cells. For this purpose, we employed two intracellular ROS indicators. One was the classical ROS-sensitive fluorescence probe 2,7-dichlorodihydroflurescein diacetate (DCFDA).
In left panel of Fig. 4b , flow cytometric analysis using this probe reveals that the ROS production started to increase at 6 h after irradiation and reached the maximum, about three-fold in comparison with that of the untreated control (the right panel of Fig 4b) , at 12 h after irradiation. To determine the organelle responsible for the radiation-induced ROS production, we used another fluorescence probe, MitoAR (Fig.   4c ), which is selectively localized in mitochondria and reacts with ROS [16] . If 
X-irradiation enhances the ability of NADH/succinate-dependent O 2 -. production from mitochondria isolated from A549 cells
Since MitoAR clearly demonstrated that mitochondrial ROS was increased at 6 h after irradiation (Fig. 4d) , mitochondria seem to be candidate organelles for the increase in late intracellular ROS after irradiation. Therefore, the production ability of O 2 -. in mitochondria was studied by the ESR/spin-trapping technique in a cell-free system. The mitochondrial fraction isolated from A549 cells without X irradiation was incubated in the presence of 5 mM respiratory substrates (succinate, glutamate and malate), 0.5 mM NADH, 0.2% digitonin and 10 mM CYPMPO. It was reported that 0.2% digitonin punctured mitochondrial membrane to allow NADH to penetrate inside of the mitochondria [19] . After incubation in the reaction mixture for 25 min at 37°C, the ESR spectrum in (I) shown in Fig. 5 . CYPMPO 
CYPMPO-OOH
Typical time course in Fig. 5b show that the intensity of ESR signals due to CYPMPO-OOH was time-dependently increased and reached the maximum at 25 min.
Moreover, the signal intensity of this ESR spectrum obtained after incubation for 25 min was considerably reduced in the absence of either digitonin (II) or succinate (III).
The absence of NADH (IV) and the addition of SOD (V) completely abolished the ESR signals. Finally, NADH/succinate-dependent O 2 -. in mitochondria isolated from unirradiated A549 cells was compared with that from irradiated cells (Fig. 5c) . The results presented in Fig.5d showed that the ESR signal intensity of CYPMPO-OOH in mitochondria isolated from irradiated cells was significantly increased, about 1.6-fold, 14 in comparison with that from unirradiated cells.
Discussion
It is generally considered that genotoxic reagents promote mitochondria-mediated apoptotic signaling such as cytochrome c release from mitochondria, followed by activation of caspase-9 and -3 through formation of a complex with Apaf-1 and the caspase-activated deoxyribonuclease (DNase)(CAD) pathway [22, 23] . However, in several radioresistant solid tumor cells, the constitutive anti-apoptotic proteins seem to inhibit this apoptotic signaling because radiation sometimes induces cytochrome c release from mitochondria without induction of apoptosis, as shown in our previous study [5] and Fig. 1b . In the case of A549 cells, constitutive Survivin was found to suppress the downstream signaling of mitochondria and dysfunction of constitutive Survivin by transduction of pAd-T34A, and pAd-D53A facilitated this apoptotic downstream signaling [5] . Thus, cytochrome c release from mitochondria is an essential event for radiation-induced apoptotic signaling in not only hematopoietic cell lines but also solid tumor cell lines that lack intrinsic function of Survivin; however, the mechanism for radiation-induced cytochrome c release is still unclear.
As cytochrome c release from mitochondria is widely believed to be regulated by the balance between proapoptotic and antiapoptotic Bcl-2 family members [21] , the expression of Bcl-2, Bcl-X L and Bax was evaluated by western blotting. As can be seen However, the mitochondrial membrane potential (∆ψm) was increased without morphological changes such as swelling (Fig. 3 ) and sustained at least for 48 h after irradiation (Fig. 4a) . Interestingly, radiation-induced cytochrome c release was completely abolished by post-irradiation-treatments with a variety of antioxidants and a flavoprotein inhibitor (Fig. 1c) , although the chemical reaction of biomolecules with primary ROS produced by water radiolysis is believed to finish within ~10 -9 seconds.
These results suggested the presence of late production of ROS tightly associated with cytochrome c release, followed by apoptosis. The radiation-induced expression of Bax was not affected by post-irradiation treatment with NAC (Fig. 2b) , suggesting that radiation-induced expression of the Bcl-2 family was independent of redox regulation and the proapoptotic protein Bax regulated ROS production to lead cytochrome c release from mitochondria. In addition, flow cytometric analysis using DCFDA showed late intracellular ROS at 6, 12 and 24 h after irradiation (Fig. 4b) . In programmed neuronal death induced by deprivation of nerve growth factor (NGF), Kirkland et al. reported that Bax translocated from cytoplasm to mitochondria and induced the release of cytochrome c through an increase of intracellular ROS [24] . Taken together, these findings suggest that radiation-induced overexpression of Bax initiates an increase of ROS to induce cytochrome c release from mitochondria.
Several cellular sources can generate ROS: peroxisomes, plasma membrane proteins, such as NADPH oxidase, cytosolic enzymatic reactions and mitochondria.
Recently, in leukemia Jurkat T cells, it was reported that γ-irradiation-induced cytochrome c release from mitochondria and activation of caspases were inhibited by the mitochondrial complex I inhibitor rotenone [14] . Lee et al. showed that increased 16 expression of mitochondrial NADP + -dependent isocitrate dehydrogenase (IDPms), which is a key enzyme in the cellular defense against oxidative damage, suppressed γ-irradiation-induced ROS generation and apoptotic cell death [25] . In contrast to these mitochondria-derived ROS, Tateishi In this experiment, to obtain direct evidence that mitochondria are candidates for the organelle source of ROS in tumor cells exposed to X irradiation, we employed the novel fluorescence ROS indicator MitoAR to clarify the localization of ROS production by fluorescent microscopy in living cells and the novel spin-trapping reagent CYPMPO to identify radical species by ESR spectroscopy in a cell-free system. As shown in Fig. 4d , the accumulation of ROS in mitochondria was demonstrated in the cells at 6 h after irradiation. By using CYPMPO which has advantages for the stability of spin adducts and detection sensitivity as a spin-trapping reagent, we succeeded in detection of NADH/succinate-dependent O 2 -. production of mitochondria treated with 0.2% digitonin, as shown in Fig. 5a . Moreover, the enhancement of NADH/succinate-dependent O 2 -. production was observed in mitochondria isolated from A549 cells incubated for 6 h after irradiation (Fig. 4c) . However, the mechanism for the radiation-induced enhancement of O 2 -. production in mitochondria remains unclear. Since we observed that NADH/succinate-dependent O 2 -. in isolated mitochondria was enhanced by X irradiation and mitochondrial membrane potential was sustained at high level after irradiation, there is a possibility that O 2 -. leaking from the respiratory chain including complexes I~III, which are important in the electron transport system from succinate and NADH, may be enhanced by X irradiation. Further experiments and analysis of the status of complexes I~III will be necessary to clarify how ROS accumulation in mitochondria occurs after X irradiation.
From these results, we concluded that ionizing radiation enhanced O 2 -.
production from mitochondria to trigger cytochrome c release in A549 cells, as shown in the summary in Fig. 6 . This is the first direct evidence that mitochondria are source of late intracellular ROS in tumor cells exposed to genotoxic stimuli. The data obtained from our experiments may help us to propose new therapeutic targets such as intrinsic enzymes and substances against oxidative stress, e.g., MnSOD, glutathione and thioredoxin reductase.
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